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Abstract 
Expansion ratio or volume ratio is the most important parameter in the static expansion system. To determine the volume ratios in
such systems, different methods can be used. We have improved the methods with the reference volume method, the sequential 
increment method and the pre-pressurization accumulation method. The deviations of there results are about 10-4.
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1. Introduction 
Static expansion systems are used as primary standards in many national metrology institutes[1-5] for generating 
pressures in the high and medium vacuum range for vacuum gauge calibrations, and the relative uncertainty has 
decreased form 10-2 magnitude to 10-3 magnitude in about 20 years ago. Lower pressures are generated by gas 
expansion in the system, and the expansion coefficient is called expansion ratio, its inverse, volume ratio. The 
uncertainty of volume ratio is the main part of the expansion system. A new static expansion system, of which the 
schematic is shown in figure 1, for the generation of calibration pressure in the range from 1×10-4Pa to 1×103Pa has 
been established at National Institute of Metrology (NIM), and the expand (k=2) relative uncertainties of pressures 
range from 0.4ˁ to 0.06ˁ. A new method for the measurement of large volume has been presented, and the present 
accumulation method is been improved to test the volume ratio more easily. 
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Figure 1 The schematic of the NIM static expansion system 
2. Measurement method of volume ratio 
The method used for the determination of the volume ratio can be classed into two types which are the 
gravimetric method and pressure ratio method, and the gravimetric method has more precision. The gravimetric 
method is suitable for small volume, but is hard work for large volume. The first generation of expand vacuum 
system, which is called SEVS-1, was established at NIM in 1978. The gravimetric method was used to determine 
the two expansion volume. The expansion was inverted to fill water, because all the inlets were at the top and the 
pump was used to pump out the air. After the measurement the mass in the mass laboratory, the two volumes had 
the following volumes: 30.2L and 64.1L. The gravimetric method was used to measure the other eight small 
volumes, which were 800­L to 30mL. There is some problem to reproduce the volume ratio, because after the 
establishing, it is difficult to use gravimetric method again. 
 It is convenient to reproduce the volume ration when the pressure ratio method is adopted. With the restrict of 
the measurement instrument, the pressure ratio method has larger uncertainty with smaller volume ratio. The 
pressure ratio method can be classed into accumulation method, linear vacuum gauge method and reference vacuum 
gauge, and many national metrology institutes, such as NPLǃPTBǃIMGCǃUME etc, use the accumulation 
method to determine the volume ratio. The advantage of the accumulation method is that recurrence of volume ratio 
can be down at any time, the disadvantage of it is that many expand processes is needed and many factor will effect 
it. Some assumption should be made to use the simplified formula, but make the assumption is suitable, the 
condition is hard to be satisfied. 
The trouble of expand system is to further improve the uncertainty of volume ratio. In order to get more 
accuracy volume ratio, on the base of the pressure ratio method and gravimetric method, the “reference volume 
method”, “incremental method” and “pre-pressed accumulation method” is been presented. 
2.1 Small volumes value were measured with gravimetric method 
The small volumes value are measured easily with gravimetric, so we obtain the volumes value by this method. 
The small volume and two valves are weighed together, and the seal of valve face the small volume. The small 
volumes valve can be obtained with gravimetric method. 
v1˙0.772937 L 
v2˙0.0746628 L 
v3˙0.752388 L 
The uncertainty of small volume due to: the mass of small volume; the mass of small volume filled water; the 
density of air and pure water etc, of which the mass of small volume filled water is the main item. The density of 
pure water can be obtained through the water density table, and the density of air is measured when weigh the mass 
of small volume. 
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Table 1 the uncertainty of small volumes valve 
 Estimated relative uncertainty ur
 v1 v2 v3 
The mass of small volume filled water 2.0h10-5 4.7h10-5 3.3h10-5
The mass of small volume 0.4h10-5 1.3h10-5 0.6h10-5
The density of 
 pure water 
Isotope  0.5h10-5 0.5h10-5 0.5h10-5
Temperature 0.6h10-5 0.6h10-5 0.6h10-5
The density of air 0.1h10-5 0.1h10-5 0.1h10-5
Total 2.2h10-5 5.0h10-5 3.5h10-5
2.2 Large volumes valve were measured with reference volume method 
Because the complex structure of the calibration volume, it is hard to use the gravimetric method, at the same 
time, the measurement uncertainty is not very small and the recurrence is very hard. On this condition, the reference 
volume method is been introduced. This method solved the measurement and recurrence of calibration volume, and 
the uncertainty can reach a ideal level.  
A reference volume v4, of which the volume is about 1/4 of the calibration volume V1 and V2, with simple 
structure and smooth internal surface is been made. The gravimetric method is used to measure the volume v4, 
which is 21.6205L with about 1h10-5 relative uncertainty. The reference volume and the calibration volume is 
connected by corner valve. 100kPa N2 is injected into the two volumes, and then close the corner valve. Use turbo 
pump to vacuum the calibration volume, open the corner valve. After the expansion, the balance pressure is about 
20kPa. The calibration volume can be calculated by equation. 
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in the equation, P0 is the pressure before expand, which is about 100kPa, P is the pressure after expand, which is 
about 20kPa; v4 is the reference volume, B cc is the second virial coefficient correspond to pressureˈwhich is about -
0.20h10-8Pa-1 for nitrogen gas at normal temperature. T1 and T2 is the reference volume temperature (K) before and 
after expansion, T3 is the calibration temperature (K) after the expansion. The pressure before and after expand is 
measured by digital pressure gauge, which is calibrated by gas operated piston gauge with 0.002% uncertainty at 
20kPa, 80kPa and 100kPa. The expansion will make the volume temperature change within the range about 1K and 
temperature distribution not homogenous. In order to solve this problem, many fans are distributed around the 
system to form the convection flow up and down. The temperature difference between the up and down will be 
smaller than 0.2Kˈand the temperature difference before and after expand will be smaller than 0.1K. Many 
platinum resistances are used to measure the temperature of the reference volume and calibration volume, the mean 
temperature are been used in the equation. 
The reference volume is been get by gravimetric method, having high precision. In the measurement process of 
V1 or V2, only one expand process is needed, which make it simple and have small uncertainty. The volume ratio 
can be get by the v1, of which the volume value is measured by gravimetric method, divide and V1 or V2, of which 
the volume value is measured by reference volume method. 
2.3 The pre-pressurization accumulation method 
In recent years, many improvements were made on the accumulation method. The first tens time data is 
removed, and the computation is start when the pressure is up to higher range. This is because in the first times, the 
pressure is low, in this range, the digital pressure gauge has poor accuracy [6][7]. The improvement was made by 
direct inlet gas with pressure about 20kPa, which make the first decades expand process been omitted and can make 
the pressure fall into the range of digital pressure gauge with good accuracy. This method is called pre-pressure 
accumulation method. Accounting for pre-pressure Pp, following the similar derivation process of K. Jousten and F. 
J. Redgrave, the equation can be obtained.  
 Yu Hongyan et al. /  Physics Procedia  32 ( 2012 )  492 – 497 495
n
n
p
p
n
n
T
T
pB
p
pB
p
pB
p
fp
pB
p
f
1
01
1
0
0
1
1
0
0
0
]
)(
)(
11
)(1
)(
1
[1
cc

cc
cc
c
cc
 
D
                                                   ˄2˅
In this equation, the sigh of “0” is for the small volume at initial state, the sigh of “1” is for the large volume, the 
sigh out the bracket present the expand times, Bcc  is the second virial coefficient correspond to pressure, ¢ is the 
temperature correction. 
2.4 The sequential increment method 
In the traditional accumulation method, about several tens times expand is needed. This means a large amount 
of work should be done, and only one measurement data can be get. When the expand ratio is about 0.01, one 
expand process will make nearly 1kPa pressure increment. The digital pressure gauge with full range 100kPa have 
enough accuracy when the pressure is high than 20kPa, and the volume ratio can be get be one expand process. By 
about ten times of expand, the same times group data can be get. The same amounts of work can get more data, and 
on the other hand, the pre-pressure is not needed to keep strict same. The temperature correction is done at every 
expansion, so the temperature coefficient will not be introduced. This is so called sequential increment method. 
The equation used to compute the volume ratio by sequential increment method can be written as the following: 
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in whichˈP0 is the pre-pressureˈwhich is about 100kPa, Pn is the pressure after the n times expand. 
The calibrated pressure gauge has good linearity at range above 20kPa, so it can be consider that Pn and Pn-1 is
negative correlation. The measurement accuracy will be higher than 0.1% when the pressure gauge with 0.1Pa 
resolution is selected. Accounting for the effect of temperature, the uncertainty of single measurement is about 
0.1%~0.15%. By mean of many times measurement, the uncertainty of sequential increment method will be better 
than 0.1%. If tens times of measurement data are used, the standard deviation of mean value will be 0.02%~0.05%. 
2.5 Result of measurement 
The volume V1 and V2 was measured three times, and the result was list in table 2. 
Table 2 result of volume V1 and V2 
Date V1˄L˅ V2˄L˅
2005.10 82.913f0.017 82.271f0.017 
2006.10 82.907f0.017 / 
2008.4 82.907f0.017 82.280f0.017 
In the measurement, the different pressure gauge was used. In 2006, leak was found in valve which is between 
the vacuum system and the turbo pump. The sealing ring, of which the diameter is 110mm, was changed. Some 
deviation will be introduced for the different mounting place of sealing ring. 
The reference volume method and the sequential increment method are used for 10-3 and 10-2 expand ratio. The 
result was listed in table 3. 
Table 3 result of expand ratio 
Date
11
1
Vv
v

˄h10-3˅
12
2
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
˄h10-4˅
23
3
Vv
v

˄h10-3˅
2005.10 9.2361(R) 8.9968(R) 9.0623(R) 
2006.3 9.2355(S) 8.9917(A) 9.0626(R) 
2006.10 9.2368(R) 8.9975(R) / 
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2008.3 9.2368(R) 8.9975(R) 9.0614(R) 
2008.4 9.2372(S) 8.9983(A) 9.0646(S) 
In which: 
R   the Reference volume method 
S   the Sequential increment method 
A   the pre-pressurization Accumulation method  
The pre-pressurization accumulation method is also used to measure the volume ratio, and the deviation with 
the reference method is about 0.05%. This is mainly for the effect of¢ and P0. The time of pre-pressurization 
accumulation method used is long, which make the room temperature change is large and then the ¢is big. It is 
hard to make the P0 do not change in the whole experiment process. The room temperature up and down will make 
the deviation change on the country sideˈthe temperature up will make the deviation large, and temperature down 
will make the deviation small. So the need of the room temperature for accumulation method is need the high. But 
for the sequential increment method, only one expand is counted, there is no accumulation effect of the room 
temperature. 
3. Analysis of uncertainty 
For the uncertainty of calibration volume is the main part of the uncertainty of volume ratio, so the emphasis of 
the uncertainty analysis is the uncertainty of the calibration volume. The uncertainty below is the relative standard 
uncertainty(k=1˅.
˄1˅ Initial pressure and final pressureǄ
These two pressure are 100kPa and 20kPaˈand are measured by the crystal resonance pressure gauge. 
It is calibrated bye the gas operated piston gauge with 1h10-5 relative standard uncertaintyˈand the 
amendment is used in the pressure measurement. The uncertainty of  initial pressure is2h10-5, and the 
uncertainty of final pressure is3h10-5.
˄2˅ Temperature correction. The uncertainty of temperature amendment and the uniformity of temperature 
profile of the calibration volume. After the expansion, the temperature correction was performed, and 
the nonlinearity of the thermometer is less than 0.01K. The difference between the up and down of the 
calibration volume is about 0.2K. Several thermometers were used on the surface of the calibration 
volume to measure the gas temperature, and the mean temperature was used to correct the temperature. 
Type A uncertainty analysis are used in this analysis. The uncertainty coming from temperature is 1.8
h10-4.
˄3˅ Additional volume correction. The additional volumes include the volume of the valve and the tie-in, 
which are measured by gravimetric method. The uncertainty of the calibration volume coming form 
the additional volume correction is 1h10-5.
˄4˅ Real gas behaviours. The second virial coefficient correspond to pressure is considered for the correct 
of non ideal gas, the uncertainty is 1h10-4.
˄5˅ Repeatability. Seven measurements are performed, and the repeatability is 1.6h10-5.
The uncertainty correspond to the above terms is 2.1h10-4. the relative uncertainty of expand ratio f = v/(v+V)
is the 2.2h10-4.
4.Conclusion 
The reference volume method is presented for the calibration volume measurement, which solved the problem 
that the gravimetric method is not suitable for the measurement of calibration volume. Based on the research of 
others, the measurement of volume ratio is been improved by using the high precision pressure gauge, which include 
sequential increment method and pre-pressurization accumulation method. The validity is been validated and the 
difference between the these method is at 10-4.
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